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Abstract 

Nanocrystalline  C03O4  thin-film  anodes  were  deposited  on  Pt-coated  silicon  and  304  stainless  steel  by  radio  frequency  (RF)  magnetron  sputtering. 
The  as-deposited  and  annealed  cobalt  oxide  thin  films  showed  smooth  and  crack-free  morphologies.  Both  the  as-deposited  and  annealed  films 
exhibited  spinel  C03O4  phase  with  nanocrystalline  structure.  High-temperature  annealing  enhanced  the  crystallinity  of  RF-sputtered  cobalt  oxide 
films  due  to  rearrangement  of  cobalt  and  oxygen  atoms.  Electrochemical  characterization  of  RF-sputtered  films  was  carried  out  by  cyclic  voltammetry 
and  charge/discharge  tests  in  the  voltage  range  of  0.3-3.0V.  Cyclic  voltammetry  plots  showed  that  the  RF-sputtered  C03O4  thin  films  were 
electrochemically  active.  X-ray  photoelectron  spectrometer  (XPS)  showed  that  the  fresh  cobalt  oxide  films  had  two  peaks  of  C03O4.  In  addition  to 
the  binding  energy  of  cobalt  oxide,  the  XPS  spectrum  of  discharged  film  presented  two  additional  binding  energies  correspond  to  Co  metal.  The 
first  discharge  capacities  of  as-deposited,  300,  500,  and  700  °C-annealed  films  were  722.8,  772.5,  868.4,  and  1059.9  p,Ahcm~2  purr1,  respectively. 
High-temperature  annealing  could  enhance  the  capacity  and  cycle  retention  obviously.  After  25  cycles  discharging,  the  annealed  films  showed 
better  cycle  retention  than  as-deposited  film.  The  700°C-annealed  film  exhibited  excellent  discharge  capacity  approximated  to  the  theoretical 
capacity. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Lithium-ion  batteries  have  been  extensively  applied  in  several 
electric  devices  and  portable  electronics  recently.  Although  car¬ 
bon  in  nowadays  is  used  as  the  commercial  anode  material  due  to 
its  high  specific  capacity  and  good  cycleability,  it  is  still  lay  much 
stress  on  investigating  new  anode  materials  for  rechargeable 
lithium-ion  batteries.  Recently,  Poizot  et  al.  [1,2]  have  reported 
nano-sized  transition-metal  oxides  as  new  emerging  anode  mate¬ 
rials  due  to  their  higher  capacity  compared  to  carbon  anode. 
Thus,  several  metal  oxides,  such  as  FeO,  CoO,  NiO,  C03O4, 
SnCH,  CU2O,  etc.,  were  investigated  as  new  anode  materials  for 
lithium-ion  batteries  [1-16].  The  electrochemical  mechanism 
of  transition-metal  oxides,  is  different  from  that  of  carbon  mate¬ 
rial,  is  due  to  the  oxidation  of  metal  and  reduction  of  metal  oxide 
[1,2].  LEO  decomposition  and  formation  are  going  along  with 
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the  redox  reaction  of  metal  oxides  in  addition.  Among  these 
metal  oxide  materials,  C03O4  has  the  highest  specific  capacity 
about  1 100  mAh  g-1  when  discharging  to  0  V  versus  Li  metal 
due  to  one  C03O4  can  react  with  more  than  eight  lithium  ions. 
The  overall  reaction  equation  during  charge/discharge  is  given 
as  follows: 

Co304  +  8Li  -o-  3Co  +  4LLO 

In  addition  to  lithium-ion  battery,  thin-film  microbattery  is 
also  a  highly  potential  field  to  be  researched.  For  lithium  micro¬ 
batteries,  the  electrochemical  properties  of  thin-film  electrodes 
prepared  by  various  deposition  methods  were  investigated.  It 
can  be  prepared  by  pulse  laser  deposition  (PLD)  [14],  electro¬ 
chemical  deposition  (ECD)  [17,18],  sol-gel  [19],  and  electron- 
beam  evaporation  [20]  for  application  in  lithium-ion  batteries. 
However,  articles  about  the  electrochemical  properties  and  struc¬ 
ture  characterization  of  RF-sputtered  C03O4  thin-film  anode  for 
lithium  microbatteries  were  limited. 

RF-sputtering  is  a  simple  and  familiar  technique  for  thin-film 
fabrication.  In  our  previous  works,  we  have  used  this  method  to 
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obtain  nanocrystalline  lithium  transition-metal  oxide  films  as 
cathode  materials  [21,22],  In  this  study,  C03O4  thin-film  anodes 
were  deposited  by  RF-sputtering  and  the  structure  of  the  films 
was  investigated  by  XRD  and  TEM  analyses.  Further,  the  elec¬ 
trochemical  properties  of  RF-sputtered  C03O4  films  were  also 
conducted. 

2.  Experimental  procedure 

The  cobalt  oxide  thin  films  were  deposited  by  radio  frequency 
magnetron  sputtering  (RF-sputtering)  from  a  2  in.  diameter  Co 
metal  target  in  argon-oxygen  (3:1)  atmosphere  with  12  standard 
cubic  centimeter  per  minute  (seem)  gas  flow.  The  working  pres¬ 
sure,  RF  power,  and  deposition  time  were  20mTorr,  100W, 
and  1  h,  respectively.  In  order  to  increase  the  crystallinity  of 
as-deposited  cobalt  oxide  films,  they  have  to  undergo  a  post- 
annealing  treatment  in  oxygen  atmosphere.  Pt-coated  silicon 
(Pt/Ti/SiCF/Si)  and  304  stainless  steel  (thickness  is  0.6  mm) 
were  used  as  the  substrates  that  were  40  mm  away  from  the 
Co  metal  target.  Even  though  the  films  deposited  on  vari¬ 
ous  substrates  showed  similar  morphologies,  the  adhesion  of 
films  deposited  on  stainless  steels  were  better  than  on  Pt-coated 
silicon. 

Structure  characterization  of  cobalt  oxide  thin  films  was 
investigated  by  X-ray  diffraction  method  with  multipurpose  X- 
ray  thin-film  diffractometer  (Rigaku,  D/MAX2500)  using  Cu 
Ka  radiation  (A  =  1 .5418  A)  and  transition  electron  microscope 
(JOEL,  2010).  The  cross-sectional  and  surface  morphology  of 
cobalt  oxide  thin  films  were  observed  by  scanning  electron 
microscope  (Philips,  XL-40FEG).  Electrochemical  measure¬ 
ments  include  cyclic  voltammetry  and  charge/discharge  tests 
were  also  conducted.  Both  of  these  tests  are  investigated  on 
Li//Co304  cell  using  RF-sputtered  C03O4  films  as  cathode  (the 
active  area  is  1  cm2),  lithium  metal  as  anode,  and  1  M  LiPF6 
in  propylene  carbonate  as  electrolyte.  The  cyclic  voltammetry 
(CV)  tests  were  carried  out  by  EG&G,  Potentiostat  263 A  system 
under  various  scan  speed  (0. 1-1.0  mV  s-1)  and  charge/discharge 
characteristics  were  measured  by  Arbin  SCTS  under  a  current 
density  of  lOpAcm-2.  The  voltage  range  for  these  two  tests 
was  in  the  range  of  3. 0-0. 3  V.  X-ray  photoelectron  spectrometer 
(XPS)  measurement  was  performed  on  a  PHI  Quantera  SXM 
system  with  Al  Ka  (1486.6  eV)  irradiation.  The  base  pressure 
of  the  vacuum  chamber  was  better  than  9  x  10“ 8  Torr. 

3.  Results  and  discussion 

3.1.  Structure  characterization 

The  possible  composition  of  the  RF-sputtered  film  may  con¬ 
sist  of  C03O4,  CoO,  or  other  cobalt  oxides.  In  this  study,  the 
structure  characterization  of  RF-sputtered  cobalt  oxide  films  was 
analyzed  by  XRD  and  TEM.  Fig.  1  shows  the  X-ray  diffraction 
patterns  of  as-deposited,  300,  500,  and  700  °C-annealed  cobalt 
oxide  films.  It  can  be  observed  that  two  broad  diffraction  peaks 
locate  at  26  positions  about  36.26°  and  44.19°.  Those  two  broad 
diffraction  peaks  may  correspond  to  the  (3  11)  and  (4  0  0)  reflec¬ 
tions  of  spinel  C03O4.  This  result  indicates  the  as-deposited 


Fig.  1.  XRD  patterns  of:  (a)  as-deposited,  (b)  300  °C-annealed,  (c)  500  °C- 
annealed,  and  (d)  700  °C-annealed  cobalt  oxide  films. 

C03O4  him  obtained  by  RF-sputtering  may  exhibit  nanocry s- 
talline  structure.  In  addition,  the  (3  11)  and  (400)  reflections 
are  broad  and  observed  to  shift  to  lower  26  position,  indicating 
that  the  cobalt  and  oxygen  atoms  may  not  occupy  their  ideal 
lattice  position  of  spinel  structure  completely.  In  other  words, 
the  shift  of  the  broad  reflections  indicates  that  the  as-deposited 
films  are  not  well-crystallized  spinel  structure. 

Fig.  1(b)  shows  the  XRD  pattern  of  300  °C-annealed  him,  the 
intensity  of  (3  1  1)  and  (400)  reflections  slightly  increase  and 
shift  to  higher  26  position  (37. 12°  and  45. 19°)  compare  to  the  as- 
deposited  him.  This  result  indicates  the  cobalt  and  oxygen  atoms 
may  occupy  their  ideal  lattice  position  more  completely,  and 
consequently,  the  annealed  him  shows  better  crystallinity.  After 
high-temperature  annealing,  the  intensihed  C03O4  reflections 
indicate  that  the  annealed  hlms  exhibit  polycrystalline  spinel- 
structured  C03O4  with  Fd3m  space  group.  No  cobalt  metal  or 
other  cobalt  oxides  are  observed  in  the  XRD  patterns,  it  indi¬ 
cates  the  RF-sputtered  cobalt  oxide  hlms  only  consist  of  spinel 
C03O4  phase.  As  shown  in  Fig.  l(b-d),  all  reflections  of  C03O4 
hlms  finally  become  sharper  after  annealing  from  300  to  700  °C. 
These  results  indicate  that  post-annealing  process  could  enhance 
the  crystallinity  and  enlarge  the  grain  size  of  C03O4  hlms.  Fur¬ 
thermore,  according  to  Scherrer  equation  [23],  the  grain  sizes 
may  be  estimated  from  the  width  of  the  XRD  peaks.  It  can  be 
estimated  that  the  grain  size  of  as-deposited  C03O4  him  is  about 
4nm.  Moreover,  the  grain  sizes  of  annealed  C03O4  hlms  were 
enlarged  by  the  increasing  annealing  temperature  due  to  grain 
growth  of  the  hlms  in  high  temperature.  The  grain  sizes  for  300, 
500,  and  700°C-annealed  C03O4  hlms  are  approximated  to  be 
7,  13,  and  21  nm,  respectively.  These  nano-sized  grains  were 
thought  to  exhibit  better  electrochemical  activity  than  normal 
crystalline  cobalt  oxide  anodes  [12]. 
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Fig.  2.  TEM  bright  field  images  and  selected  area  electron  diffraction  (SAED)  patterns  of:  (a)  as-deposited  and  (b)  700  °C-annealed  cobalt  oxide  films. 


Fig.  3.  SEM  top-view  micrographs  of:  (a)  as-deposited,  (b)  300  °C-annealed,  (c)  500°C-annealed,  and  (d)  700°C-annealed  cobalt  oxide  films;  cross-sectional 
micrographs  of:  (e)  as-deposited,  (f)  300  °C-annealed,  (g)  500  °C-annealed,  and  (h)  700  °C-annealed  films. 
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It  is  well  known  that  sufficient  diffraction  peaks  is  prereq¬ 
uisite  in  structure  characterization  by  XRD.  Nevertheless,  in 
this  study,  the  XRD  reflections  were  insufficient  to  characterize 
the  structure  of  as-deposited  film.  Therefore,  TEM  analysis  is 
an  additional  evidence  to  confirm  the  structure  of  as-deposited 
films.  Fig.  2(a)  shows  the  TEM  bright  field  image  and  selected 
area  electron  diffraction  (SAED)  pattern  of  as-deposited  films. 
The  SAED  pattern  is  a  typical  diffraction  pattern  of  spinel 
C03O4  consist  of  broad  (1  1  1),  (2  20),  (3  1  1),  (400),  (42  2), 
and  (5  11)  reflections.  The  broad  rings  in  the  SAED  pattern 
indicate  that  the  as-deposited  cobalt  oxide  film  consists  of 
nanocrystalline  structure.  Fig.  2(b)  shows  the  TEM  bright 
field  image  and  SAED  pattern  of  700  °C-annealed  films.  The 
SAED  pattern  shows  that  700°C-annealed  film  also  consists 
of  spinel  C03O4.  Moreover,  it  indicates  that  the  crystallinity 
was  enhanced  by  high-temperature  annealing.  From  TEM 
bright  field  images,  it  can  be  observed  that  as-deposited  C03O4 
film  consists  of  fine  grains  with  the  grain  size  less  than  5  nm. 
Furthermore,  the  grain  size  was  enlarged  to  about  25  nm  after 
700  °C-annealing.  The  grain  sizes  observed  from  TEM  analysis 
are  in  the  same  order  of  magnitude  as  that  estimated  from  XRD 
patterns. 


3.2.  SEM  observation 

Fig.  3(a-d)  shows  the  SEM  micrographs  of  RF-sputtered 
C03O4  films  deposited  on  Pt-coated  silicon  viewing  from  the  top 
under  various  annealing  conditions.  The  surface  morphologies 
of  as-deposited  and  annealed  C03O4  films  are  all  smooth  and 
crack-free.  Nanocrystalline  grains  are  observed  from  all  the  top- 
view  micrographs.  It  is  obviously  that  grain  sizes  increase  with 
the  increasing  annealing  temperature  due  to  grain  growth  in  the 
annealing  process,  thus,  square  grains  are  observed  after  700  °C- 
annealing  process.  Fig.  3(e-h)  shows  the  cross-sectional  images 
of  as-deposited  and  annealed  cobalt  oxide  films.  From  the  cross- 
sectional  observations,  the  films  show  columnar  structure  that 
was  commonly  observed  in  RF-sputtered  films.  Moreover,  the 
thicknesses  of  as-deposited  and  annealed  films  were  all  about 
370  nm.  After  several  cycles  of  charge/discharge  test,  the  adhe¬ 
sion  of  films  on  stainless  steel  was  better  than  on  Pt-coated 
silicon  even  though  the  morphologies  and  thicknesses  of  cobalt 
oxide  films  on  both  substrates  were  exceedingly  similar.  Con¬ 
sequently,  films  deposited  on  stainless  steel  were  used  in  the 
following  electrochemical  characterizations  due  to  the  better 
adhesion  between  film  and  substrate. 
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Fig.  4.  Cyclic  voltammetry  (CV)  plots  of:  (a)  as-deposited,  (b)  700  °C-annealed  C03O4  films  conducted  under  scan  rate  of  0. 1  mV  s  1 ,  and  (c)  as-deposited  film  that 
was  measured  under  various  scan  rates. 


3.3.  Electrochemical  characterization 

Electrode  materials  of  lithium  batteries  usually  exhibit 
electrochemical  activity  to  react  with  lithium  ions.  In  order 
to  distinguish  the  electrochemical  activity  of  material,  cyclic 
voltammetry  (CV)  analysis  is  an  authoritative  method  to  be 
utilized.  Fig.  4(a  and  b)  shows  the  CV  plots  of  as-deposited 
and  700  °C-annealed  cobalt  oxide  films,  respectively.  One  set 
of  redox  peaks,  including  a  reduction  peak  at  about  1  V  and 
an  oxidation  peak  at  about  2  V,  are  observed  in  all  CV  plots. 
These  results  indicate  that  there  was  only  one  reaction  in  the 
reduction/oxidation  process.  Moreover,  the  integrated  area  of 
redox  peaks  also  implies  some  information.  (I)  The  integrated 
areas  of  redox  peaks  of  as-deposited  film  are  smaller  than  that 
of  annealed  film.  It  indicates  that  the  capacity  of  annealed 
films  might  be  better  than  that  of  as-deposited  films.  (II)  The 
integrated  area  of  redox  peaks  decreases  noticeably  along  the 
increasing  cycle  number  in  as-deposited  films.  Nevertheless,  the 
integrated  area  of  redox  peaks  of  700°C-annealed  films  only 
shows  slightly  variation.  Consequently,  the  CV  results  indicate 
that  annealed  films  with  better  crystallinity  might  exhibit  better 
electrochemical  properties  (capacity  and  cycle  retention)  than 
that  of  as-deposited  films.  Furthermore,  it  is  conjectured  that  the 
capability  of  RF-sputtered  cobalt  oxide  film  is  highly  related  to 


its  crystallinity.  Additionally,  CV  plots  with  various  scan  rates 
were  also  conducted  as  shown  in  Fig.  4(c).  It  can  be  observed  that 
the  peak  separation  was  enlarged  with  the  increasing  scan  rate. 
It  may  be  possible  to  obtain  the  average  diffusion  coefficient  D 
of  Li+  in  cobalt  oxide  films  by  the  following  equation  [24]: 


ip  =  0.4463 nFACDl/2 


1/2 

v 


1/2 


Based  on  this  equation,  the  Fi+  diffusion  coefficient  D  was 
estimated  in  the  range  of  (1.4-5. 2)  x  10-12  cm2  s_l . 

The  electrochemical  mechanism  of  transition-metal  oxide 
anodes  was  extensively  investigated  recently.  In  this  study,  XPS 
was  used  to  examine  the  changes  of  the  specimens  before  and 
after  discharge  step.  Fig.  5(a)  shows  the  XPS  spectrum  of 
700  °C-annealed  C03O4  film  before  discharge.  In  Fig.  5(a),  it 
can  be  observed  that  two  peaks  locate  at  binding  energy  of  780.6 
and  795.6  eV  correspond  to  Co  2p3/2  and  Co  2pi/2  of  C03O4, 
respectively.  Even  though  the  cobalt  oxides,  CoO  and  C03O4, 
might  show  similar  XPS  spectra.  According  to  the  XRD  results 
showed  previously,  the  XPS  spectrum  of  700  °C-annealed  film 
is  believed  to  be  spinel  C03O4.  Moreover,  the  Co  2p3/2-Co  2pi/2 
splitting  of  approximately  15  eV  in  Fig.  5(a)  is  associated  with 
spinel  C03O4  [25-27].  In  addition,  the  XPS  spectrum  of  700  °C- 


1384 


C.L.  Liao  et  al.  /  Journal  of  Power  Sources  158  (2006)  1379-1385 


Binding  Energy  (eV) 

Fig.  5.  XPS  spectra  of  700°C-annealed  C03O4  films  that  were:  (a)  before  and 
(b)  after  discharging  to  0.3  V. 

annealed  film  that  was  discharged  to  0.3  V  is  shown  in  Fig.  5(b). 
In  addition  to  the  two  binding  energies  of  C03O4,  there  are  two 
additional  binding  energies  (776.9  and  791.9  eV)  correspond  to 
Co  2p3/2  and  Co  2pi/2  of  Co  metal.  The  formation  of  Co  from 
C03O4  after  discharging  is  thermodynamically  feasible  and  can 
be  expected.  Poizot  et  al.  have  conducted  a  study  on  the  electro¬ 
chemical  properties  of  several  transition-metal  oxides  for  Li-ion 
batteries  [1,2].  The  electrochemical  reactions  are  shown  as  fol¬ 
lows: 

Cathode  :  C03O4  +  8Li+  +  8e_  -o-  3Co  +  4O2O  (1) 

Anode  :  8Li  8Li+  +  8e“  (2) 

Overall  reaction  :  Co304  +  8Li  4*  3Co  +  4LLO  (3) 

In  general,  LEO  was  always  reported  to  be  electro- 
chemically  inactive.  However,  many  recent  articles  demon¬ 
strated  the  electrochemical  reversibility  of  L^O  by  TEM  or 
XPS  [1,10,11,15,28,29].  They  described  that  the  nano-sized 
transition-metal  particles  and  L^O  formed  during  discharge 
process,  and  then,  those  nano-sized  transition-metal  particles 
could  decompose  L^O  in  the  following  charge  step.  It  was 
believed  that  nano-sized  metal  particles  with  large  free  surface 
area  could  activate  the  nanocrystalline  LEO  and  promote  its 
electrochemical  reversibility.  Therefore,  based  on  those  articles 
[15,28]  and  the  XPS  results  in  this  study,  it  is  believed  that  Co 
nano-particles  formed  from  C03O4  nano-particles  in  discharge 
step,  and,  afterward  the  Co  nano-particles  can  further  activate 
the  decomposition  of  L^O  during  the  charge  process. 

The  discharge  capacity  of  as-deposited  and  annealed  C03O4 
films  plots  as  a  function  of  cycle  number  is  shown  in 
Fig.  6.  The  first  discharge  capacity  of  as-deposited  film  is 
722.8  p,Ahcm~2  p,m_1 .  Moreover,  after  the  sputtered  film 
underwent  annealing  process,  the  first  discharge  capacity 
increased  to  772.5,  868.4,  and  1059.9  p,Ahcm_2  pan-1  for  300, 
500,  and  700  °C-annealed  films,  respectively.  These  results  indi¬ 
cate  that  discharge  capacity  is  extremely  relate  to  the  annealing 
temperature  as  a  result  of  the  enhancement  of  crystallinity  of 
sputtered  C03O4  films.  It  was  suggested  that  the  well-crystalline 
C03O4  may  exhibit  better  electrochemical  activity  result  in  for¬ 
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Fig.  6.  Discharge  capacity  vs.  cycle  number  plots  of  as-deposited  and  annealed 
films. 

mation  of  Co  nano-particles  completely  and  uniformly.  Thus, 
the  complete  and  uniform  formation  of  Co  nano-particles  can 
effectively  activate  the  decomposition  of  LEO.  It  can  be  also 
observed  that  the  second  discharge  capacity  showed  a  large  fad¬ 
ing  compared  to  the  first  discharge,  which  was  usually  observed 
in  transition-metal  oxide  anodes.  After  the  second  discharge, 
the  discharge  capacity  only  shows  slight  decay  in  the  follow¬ 
ing  discharge  test.  Moreover,  annealed  films  also  exhibit  better 
cycle  retention  than  as-deposited  film.  After  25  cycles  dis¬ 
charging,  the  25th  discharge  capacities  for  as-deposited,  300, 
500,  and  700  °C-annealed  films  are  240.8,  354.6,  408.5,  and 
695.1,  respectively.  Basically,  C03O4  exhibits  theoretical  capac¬ 
ity  that  is  estimated  about  700  pAhcm-2  pan-1 .  Therefore,  the 
700°C-annealed  cobalt  oxide  films  still  shows  excellent  capa¬ 
bility  even  after  25  cycles  test.  It  indicates  that  RF-sputtered 
nanocrystalline  C03O4  films  exhibit  well  electrochemical  prop¬ 
erties  to  be  applied  as  a  new  anode  material  in  energy  storage 
application. 

4.  Conclusion 

Smooth  and  crack-free  RF-sputtered  C03O4  thin  films  were 
characterized  as  electrochemically  active  material  for  lithium 
batteries.  The  as-deposited  and  annealed  films  exhibited  spinel 
C03O4  single  phase  with  nanocrystalline  structure.  From  XRD 
estimations,  the  grain  size  for  C03O4  films  were  about  4-25  nm. 
Moreover,  the  formation  of  Co  metal  after  discharging  step  was 
demonstrated  by  XPS  analysis.  Consequently,  the  electrochem¬ 
ical  reversibility  of  C03O4  thin  films  can  be  attributed  to  the 
reversible  reactions  of  C03O4  to  Co  metal  and  Li  to  L^O. 
Discharge  capacity  and  cycle  retention  can  be  enhanced  by 
annealing  due  to  the  increased  crystallinity  of  the  films.  In  this 
study,  RF-sputtered  C03O4  thin  films  showed  excellent  elec¬ 
trochemical  properties,  especially  the  700°C-annealed  films 
exhibited  discharge  capacity  that  approximated  to  the  theoretical 
capacity. 
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